Lactic acid bacteria, like Streptococcus pyogenes (group A streptococcus [GAS] ), lack cytochromes and other heme-containing compounds. Their energy metabolism is based on glycolysis, since the crucial heme-cofactored multiprotein complexes for oxidative phosphorylation are not assembled. In addition, the lack of heme biosynthesis leads to a lack of the heme-cofactored catalase, one of the most conserved antioxidant enzymes. This is in striking contrast with the aerotolerance of lactic acid bacteria, and especially GAS, as it is believed that the main reservoir of GAS in nature is the human upper respiratory tract. In addition, GAS face H 2 O 2 during the invasive state within the host leukocytes, in the form of the oxidative burst and possibly also from antibodies (39) . Furthermore, in vitro studies have shown that GAS itself produces significant quantities of H 2 O 2, mainly by an enzymatic lactate oxidase activity (37) . Even mM concentrations of this highly membrane-diffusible oxidant have been measured from the culture supernatants (14, 22, 30, 37) . GAS may therefore face H 2 O 2 at concentrations that are lethal to many catalase-positive bacteria.
The H 2 O 2 resistance of GAS can be increased by exposing the bacteria to sublethal doses of H 2 O 2 or by growing the bacteria under vigorous aeration prior to challenge with a lethal amount of H 2 O 2 (26, 36) . This is a clear indication that GAS has a sensoregulatory system for H 2 O 2 resistance. Serotype M1 and M6 GAS strains that lack a homolog of the Bacillus subtilis peroxide resistance repressor PerR tolerate H 2 O 2 better than the parental strains (26, 36) . In contrast to that of the parental strain, the H 2 O 2 hyperresistance of serotype M1 PerR-deficient GAS cannot be increased by growth of the bacteria under vigorous aeration (36) . In serotype M6 PerR-deficient GAS, exposure to sublethal H 2 O 2 prior to challenge with a lethal concentration of H 2 O 2 does not increase H 2 O 2 resistance, again in contrast to the parental strain (26) . These findings have created a model in which PerR is the oxidative-stress-sensing repressor of H 2 O 2 resistance in GAS.
More support for this model came when PerR was shown to repress the expression of an important streptococcal H 2 O 2 resistance factor, Dpr/MrgA (4) . Dpr/MrgA acts as a scavenger of excess cytosolic Fe(II) and therefore inhibits the Fe(II)-catalyzed formation of highly toxic hydroxyl radicals from H 2 O 2 [H 2 O 2 ϩ Fe(II) 3 ⅐ OH ϩ Ϫ OH ϩ Fe(III); the Fenton reaction] (34, 41) . However, recent microarray analysis of the PerR regulon failed to identify additional PerR-regulated H 2 O 2 resistance factors, although it reinforced the importance of iron homeostasis control (6) . It therefore seems evident that GAS has an additional, as-yet-unidentified H 2 O 2 resistance regulon(s).
Rgg, also known as RopB, was identified as a DNA-binding positive transcriptional regulator of secreted cysteine proteinase (SpeB) in GAS (10, 29) . The current view of Rgg as a global transcriptional regulator started to emerge from proteomic studies. Rgg was shown to influence the expression of several extracellular proteins, especially in starvation, at the level of transcription (13) . Phenotypic studies of the Rgg regulon have been scarce. However, it has been reported that Rgg is involved in resistance to paraquat (a compound that produces free radicals) and puromycin (a compound eliciting a heat shock-like response) (9) . The aim of the current study was to evaluate the role of the Rgg regulator under physiologically significant stress conditions for catalase-negative GAS-survival under H 2 O 2 stress. The results indicate that Rgg is a novel sensoregulator of H 2 O 2 resistance in GAS.
MATERIALS AND METHODS
Materials. H 2 O 2 was purchased from Merck and beef liver catalase from Roche. t-Butyl hydroperoxide (t-BHP), horseradish peroxidase type II, 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), and all antibiotics were from Sigma. DNA-modifying enzymes were from either Promega or Fermentas. PCRs were conducted with either Vent (New England Biolabs) or Phusion (Finnzymes) DNA polymerase. Plasmid DNA and DNA fragments from enzymatic reactions or agarose gels were purified with kits purchased from Qiagen, Sigma, and Bio-Rad. All of the primers (sequences are shown in Table 1 ) were constructed based on the genomic sequence of the serotype M1 GAS strain (20) and were purchased from Thermo Electron Corporation.
Bacterial strains, plasmids, media, and growth conditions. Wild-type (wt) strain NZ131 of serotype M49 and its Rgg-deficient derivative (NZ131⌬rgg) have been described previously (10) . No genetic-complementation experiments could be conducted in the current study due to apparent dose-dependent toxicity effects of the proteins and/or instability problems of the Escherichia coli-streptococcus shuttle plasmid used, pLZ12-Km (34, 35) . Instability of plasmid DNA has been witnessed in the NZ131 strain background (10) , which might explain the lack of genetic-complementation experiments in a number of other studies using this strain (2, 9, (11) (12) (13) 18) . GAS strains were grown in Todd-Hewitt broth medium (Difco) supplemented with 0.5% (wt/vol) yeast extract (Biokar Diagnostics) (THY) as standing cultures at 37°C in either polypropylene tubes or glass flasks. The E. coli general cloning host DH5␣ was cultured in Luria-Bertani medium with vigorous shaking at 37°C. When needed, the media were solidified with 1.5% agar. Bacteria were stored at Ϫ70°C in their respective liquid growth media containing 15% (vol/vol) glycerol. Antibiotics were used at the following concentrations: (i) E. coli, 50 g/ml of kanamycin and 50 g/ml of spectinomycin; (ii) GAS, 7.5 g/ml of erythromycin and 500 g/ml of kanamycin.
Western analysis of Dpr expression. The method to prepare total cellular protein extracts of streptococci by sonication, the Dpr-specific polyclonal antibodies, and the Dpr-specific Western analysis have been described previously (34) .
Green fluorescent protein (GFP) reporter strains for dpr and the ahpCF operon. To create a GAS-compatible suicide plasmid with a promoterless gfp gene, a gfpmut2 gene (15) was cleaved from pNE1orfRgfp (1) with EcoRI. The resulting 750-bp fragment was cloned into the EcoRI site of pSF151 (38) to create pSF151-GFP. The upstream regions of dpr and ahpC were amplified from NZ131 genomic DNA by PCR using primer pairs DPR-GFP-5Ј/DPR-GFP-3Ј and AhpC-GFP-5Ј/AhpC-GFP-3Ј, respectively. Genomic DNA was isolated from GAS as previously described for Streptococcus suis (34) . The resulting 210-bp dpr-specific and 310-bp ahpC-specific fragments were digested with PstI and KpnI and cloned into PstI-KpnI-digested pSF151-GFP. The resulting plasmids (2.5 g), pDpr-GFP and pAhpC-GFP, were transformed into GAS as previously described for S. suis (34) , and Kan r colonies (for NZ131⌬rgg, Kan r and Ery r ) were selected. Insertion of the reporter plasmids into the target genomic sites was verified by PCR using the primers 5Ј-PYO-Dpr or AhpC-GFPtest (annealing upstream of dpr or aphC, respectively) and pSF151-MCS (annealing to the vector DNA).
Inactivation of the ahpCF operon by insertional inactivation. An internal 400-bp fragment of ahpC was amplified from NZ131 genomic DNA by PCR using the primers AhpC-KOIN-5Ј and AhpC-KOIN-3Ј. The resulting PCR product was digested with EcoRI and PstI and cloned into the EcoRI-PstI-digested pSF151 to generate pAhpC-KO. pAhpC-KO was transformed into GAS as described above, and Kan r colonies (for NZ131⌬rgg, Kan r and Ery r ) were selected. Insertion of pAhpC-KO into the genomic ahpC was verified by PCR using primers AhpC-KOtest (annealing upstream of ahpC) and pSF151-MCS (annealing to the vector DNA). Inactivation of ahpC and the downstream ahpC by a polar effect was further verified by Northern hybridization (data not shown).
Inactivation of perR by insertional inactivation. An internal 360-bp fragment of perR was amplified from NZ131 genomic DNA by PCR using the primers PerR-5Ј-KOIN and PerR-3Ј-KOIN. The resulting PCR product was digested with EcoRI and PstI and cloned into the EcoRI-PstI-digested pSF151 to generate pPerR-KO. pPerR-KO was transformed into GAS as described above, and Kan r colonies (for NZ131⌬rgg, Kan r and Ery r ) were selected. Insertion of pPerR-KO into the genomic perR was verified by PCR using the primers PerR-KOA-5Ј (annealing upstream of perR) and pSF151-MCS (annealing to the vector DNA). Inactivation of the perR gene was further verified by Northern hybridization (data not shown).
H 2 O 2 and t-BHP sensitivity assays. (i) Growth in the presence of H 2 O 2 or t-BHP. GAS strains were grown overnight (O/N) at 37°C as standing cultures in 30 ml of THY. The strains were subcultured in quadruplicate by diluting the O/N cultures 20-fold in fresh THY. The bacteria were grown at 37°C as standing cultures to early stationary phase (e-stat) (an optical density at 600 nm [OD 600 ] of 0.8 to 0.9; 4 h after subculturing). At this stage, the bacteria were pooled and diluted 12.5-fold in quadruplicate in fresh THY either with or without H 2 O 2 and t-BHP. The bacteria were grown at 37°C as standing cultures, and the ODs of the cultures were recorded at 600 nm either at 1-h intervals up to 8 h or after an O/N incubation (20 h (ii) Survival in an H 2 O 2 -containing buffer. GAS strains were grown O/N as described above. The strains were subcultured by diluting them 25-fold in fresh THY. The bacteria were grown at 37°C as standing cultures. Ten-milliliter aliquots were taken from the cultures at exponential growth phase (exp) (OD 600 ϭ 0.3 to 0.4; 2 h after subculturing), e-stat, and stationary phase (stat) (7 h after subculturing). When the modulation of H 2 O 2 resistance by sublethal cellular stress was studied, the toxic compounds were included in sub-growth-inhibitory amounts (250 M H 2 O 2 , 500 M t-BHP, and 4% ethanol) in the exp cultures, and the bacteria were allowed to grow for 2 h at 37°C as standing cultures to reach e-stat. The bacteria were harvested and washed once with 10 ml of ice-cold phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4). The bacteria were resuspended in PBS to an OD 600 of ϳ0.8. The suspensions were divided into 1-ml aliquots. When appropriate, chloramphenicol was added at this stage at a concentration of 50 g/ml to inhibit de novo protein synthesis during the H 2 O 2 stress. After 30 min of incubation at 37°C without agitation, the cells were exposed to 4.0 mM H 2 O 2 for 2 h at 37°C without agitation. To terminate the H 2 O 2 exposure, beef liver catalase was added at 10,000 U/ml, and the suspensions were incubated for 10 min at room temperature. Subsequently, the bacteria were diluted in PBS and plated for viability counts on THY agar. The colonies were counted after O/N growth under 6% CO 2 at 37°C.
Secretion and decomposition of H 2 O 2 by GAS. GAS strains were grown O/N as described above. The strains were subcultured by diluting them 25-fold in fresh THY and grown at 37°C as standing cultures. Aliquots were taken from the cultures at e-stat and stat. The bacteria were harvested and washed once by PBS with vigorous vortexing. The bacteria were resuspended in PBS to an OD 600 of 0.8 and divided into 1-ml aliquots. Slot blot Northern analysis. NZ131 and NZ131⌬rgg were grown O/N as described above. The strains were subcultured in triplicate by diluting the O/N cultures 20-fold in fresh THY. At e-stat, bacteria from 3 ml of the cultures were harvested by centrifugation, immediately snap-frozen in liquid N 2 , and stored at Ϫ70°C. The cells were later thawed, and total RNA was extracted by using the RNeasy Mini kit (Qiagen) according to the instructions of the manufacturer. Isolated RNAs from three independent e-stat cultures were pooled and slot blotted in triplicate onto Hybond-Nϩ membranes (Amershamn Biosciences) at 5 g/slot by using a Minifold II apparatus (Schleicher & Schuell) according to the instructions of the manufacturer. DNA probes were labeled radioactively with [␣-32 P]CTP (Amersham) using the Prime-a-Gene Labeling System (Promega) according to the instructions of the manufacturer. DNA templates for labeling were generated by PCR using gene-specific primers as described in Table 1 . Hybridization and washing conditions were as previously reported (34) . The Fujifilm BA-2500 Phosphor Imaging Plate System (Fuji Photo Film Co.) was used to acquire the autoradiographs, and the hybridization signal intensities were quantified with TINA 2.0 software. The data were processed for each gene as follows: (i) signal intensities from each three slots for wt and ⌬rgg were normalized to the signal intensities of the same slots subsequently probed with 16S rRNA-specific probe, (ii) the normalized signal intensities for the wt slots were averaged, and (iii) the normalized signal intensities of the ⌬rgg slots were individually divided by the normalized and averaged signal intensities from the corresponding wt slots.
GFP reporter assays. GAS strains were grown O/N as described above. The strains were subcultured in quadruplicate by diluting the O/N cultures 20-fold in fresh THY. The bacteria were grown to e-stat at 37°C as standing cultures. The bacteria were harvested and washed three times with 20 ml of PBS, including vigorous vortexing. The bacteria were resuspended in PBS to an OD 600 of ϳ1.0. The bacterial suspensions were applied as 200-l aliquots in triplicate onto black Nunc F96 MicroWell plates. The bacterium-associated fluorescence was measured using a Victor 2 Multilabel Counter (Wallac). GAS autofluorescence was measured from GFP-negative strains grown and processed as described above. The acquired mean autofluorescence counts were subtracted from the individual fluorescence counts of the corresponding GFP-positive strains to get the final GFP reporter-specific fluorescence counts.
Animal experiments. CD-1 male mice (Harlan) were housed according to standard laboratory animal conditions and handled by protocols approved by the local Laboratory Animal Care and Use Committee, University of Turku, Turku, Finland. The mice were monitored daily and, if they showed signs of severe illness (significantly reduced movement or reduced capacity to respond to physical stimulus), were sacrificed by CO 2 overdose. GAS strains were grown O/N as described above. The strains were subcultured in triplicate by diluting the O/N cultures 25-fold in 100 ml of fresh THY. The bacteria were grown to exp at 37°C as standing cultures. The bacteria were pooled, harvested, and washed twice with 20 ml of PBS with vigorous vortexing. Bacteria from pooled 300-ml culture volumes were resuspended in 20 ml of PBS (OD 600 , ϳ0.35 as measured from 10-fold dilutions). In the first reported experiment, 10 mice in two separate cages (average infection weight, 28.3 Ϯ 2.4 g) were intraperitoneally infected with either 100 l of PBS or wt or ⌬rgg suspensions. The mice received different dilutions of GAS as follows: wt 1:1 infection, 7.3 ϫ 10 8 CFU/mouse; ⌬rgg 1:1 infection, 6.7 ϫ 10 8 CFU/ml; ⌬rgg 1:2 infection, a twofold dilution from the 1:1 suspension; ⌬rgg 1:5 infection, a fivefold dilution from the 1:1 suspension. The mice were weighed daily for up to 1 week. Weight indexes were calculated for each mouse by dividing the daily weight by the weight of the same animal at the time of infection. The reported values for each time point represent the medians of the weight indexes. The surviving animals were killed by CO 2 overdose at day 7. In the second reported experiment, 10 mice in two separate cages (average infection weight, 25.3 Ϯ 1.6 g) were intraperitoneally infected with 100 l of bacterial suspensions in PBS as follows: ⌬rgg, 1.5 ϫ 10 8 CFU/mouse; ⌬rgg ⌬ahpCF, 1.6 ϫ 10 8 CFU/mouse. The mice were monitored and weighed daily for up to 2 weeks to acquire the weight indexes as described above. The surviving animals were killed by CO 2 overdose at day 14. SPSS for Windows 11.0.1 software (SPSS Inc.) was used to create Kaplan-Meier survival curves and to calculate the log rank test statistics for comparison of different infections.
RESULTS

Rgg is involved in repression of H 2 O 2 resistance.
The sensitivity of GAS to H 2 O 2 was assayed by measuring the ODs of O/N cultures that were incubated in the absence or presence of H 2 O 2 . As shown in Fig. 1A , cultures of Rgg-deficient GAS grew to higher ODs than the parental strain in the presence of 2.75 and 3 mM H 2 O 2 . Rgg-deficient GAS could also establish a replicative state faster than the parental strain in the presence of 750 M H 2 O 2 (Fig. 1B ) in a second type of H 2 O 2 sensitivity assay used in the current study. Importantly, the inactivation of rgg did not affect the replication of GAS in plain THY growth medium (Fig. 1C) . In an independent H 2 O 2 sensitivity assay, the wt and ⌬rgg were grown to different growth phases (as defined in Fig. 1C) , and after being washed with PBS, the bacteria were stressed with 4 mM H 2 O 2 in PBS. In the absence of exogenous energy sources and bacterial replication during the H 2 O 2 exposure, the assay measures the intrinsic capacity of GAS grown to a defined growth phase to respond and to survive under H 2 O 2 exposure. As shown in Fig. 1D , the growth phase modulated the strength of H 2 O 2 resistance. H 2 O 2 resistance was most efficient in bacteria grown to stat. Most importantly, the ⌬rgg strain was more resistant than the wt in each of the growth phases studied (13, 28 , and 9 times more resistant in exp, e-stat, and stat, respectively). Coincubation with a translational protein synthesis inhibitor, chloramphenicol, decreased the H 2 O 2 resistance of exp ⌬rgg to the wt level, but it had no effect on e-stat or stat ⌬rgg bacteria. The chloramphenicol data indicate that the increased H 2 O 2 resistance of exp ⌬rgg bacteria was dependent on de novo protein synthesis, taking place even under mM level H 2 O 2 stress, but the factors causing the increased H 2 O 2 resistance of e-stat and stat ⌬rgg bacteria were already present in the bacteria at the point of bacterial harvest. Therefore, the lack of Rgg appears to influence the capacity of GAS to tolerate H 2 O 2 starting concentration was kept well below mM levels in order to retain full bacterial viability during the assay. Exp bacteria were excluded from the analysis due to the lack of up-regulated H 2 O 2 resistance factors in Rgg-deficient GAS at the point of bacterial harvest (Fig. 1D ). As shown in Fig. 2 , e-stat and stat GAS decomposed H 2 O 2 , demonstrating that catalase-negative GAS may indeed decompose H 2 O 2 . Control experiments with heat-killed bacteria indicated that the detected H 2 O 2 decomposition was dependent on bacterial viability and on a factor(s) that was heat labile. There were no Bacteria from e-stat cultures were inoculated into fresh THY containing 750 M H 2 O 2 . The bacteria were incubated at 37°C as standing cultures, and the OD 600 s were measured at 1-hour intervals. The results from five independent cultures are expressed as defined for panel A. (C) Effect of Rgg deficiency on the microaerophilic growth of GAS. Bacteria from e-stat cultures were inoculated into fresh THY. The bacteria were incubated at 37°C as standing cultures, and the OD 600 s were measured at 1-hour intervals. The results from five independent cultures are expressed as mean OD 600 Ϯ SD. (D) H 2 O 2 sensitivity of GAS in PBS. Bacteria were harvested from different growth phases (as defined panel C), and after being washed with PBS, they were exposed in PBS to 4 mM H 2 O 2 for 2 h at 37°C. To study whether GAS expressed proteins during the H 2 O 2 stress, the bacteria were coincubated with 50 g/ml of chloramphenicol (Chlora). The numbers of viable bacteria were determined by plating dilution series onto THY agar. The values are mean survival percentages Ϯ SD (shown here in log scale) of six independent determinations from two independent cultures (CFU in the presence of H 2 O 2 divided by the averaged CFU in the absence of H 2 O 2 ). Student's t test: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.005.
3228
PULLIAINEN ET AL. J. BACTERIOL.
significant differences in H 2 O 2 decomposition between e-stat wt and ⌬rgg bacteria. However, H 2 O 2 decomposition was markedly faster by stat ⌬rgg bacteria (see Fig. 4B for the kinetics). It is noteworthy that neither wt nor ⌬rgg bacteria secreted H 2 O 2 during the H 2 O 2 decomposition assay (see Fig.  4A for the kinetics). Taken together, it appears that in addition to the repression of H 2 O 2 resistance, Rgg is also involved in the repression of H 2 O 2 decomposition in GAS.
Transcriptional up-regulation of a bicistronic ahpCF operon in ⌬rgg bacteria. Potentially, the increased H 2 O 2 decomposition or H 2 O 2 resistance of ⌬rgg bacteria could be traced to transcriptional up-regulation of a certain gene or a gene cluster. In addition, we reasoned that analysis of e-stat bacteria might best reflect the phenotypic differences of stat wt and Rgg-deficient GAS. Therefore, the mRNA levels of a number of different open reading frames (ORFs) with a known or a putative role in streptococcal (oxidative) stress responses were compared between the wt and ⌬rgg bacteria grown to e-stat. As shown in Fig. 3A , there were no significant differences in the mRNA levels of ORFs such as SPy1840 (a hypothetical gene), dpr (encoding a Dps-like peroxide resistance protein) (4), SPy1374 (encoding a putative glutathione reductase), gpoA (encoding glutathione peroxidase) (5), sodA (encoding superoxide dismutase) (22) , SPy1835 (encoding a putative thioredoxin), or perR (encoding a peroxide resistance repressor) (26, 36) . The mRNA levels for the general stress response components GroEL and DnaK, as well as the CovR response regulator (19) , were down-regulated in the ⌬rgg strain. Supporting the reliability of the slot blot Northern analysis used, the decreased mRNA levels of covR in ⌬rgg bacteria have been previously shown by reverse transcription-PCR (12) .
Since Dpr, also known as MrgA (4), is the only protein known to protect streptococci against mM level H 2 O 2 stress (4, 34, 35), Dpr expression was further compared in wt and Rgg- 
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ deficient GAS by Western blotting. By using an anti-S. suis Dpr rabbit polyclonal antiserum (34) that is cross-reactive with GAS Dpr (amino acid identity, 64% for AAN47198 [S. suis] aligned with NP_269604 [GAS]), no differences in Dpr levels could be detected in any of the growth phases studied (Fig. 3A,  inset ). In addition, the transcriptional activity of the dpr promoter was not affected by the Rgg deficiency, as evidenced by studies using a genome-integrated GFP reporter (Fig. 3D ). Therefore, the increased H 2 O 2 resistance of Rgg-deficient GAS appears to be mediated by a Dpr/MrgA-independent factor(s). One ORF with an increased amount of mRNA in the ⌬rgg strain was identified (Fig. 3A) . Examination of the genomic sequence of serotype M1 GAS (20) revealed that this ORF, ahpC, was located only 21 nucleotides upstream of another ORF, ahpF. There were no typical Ϫ10/Ϫ35 promoter sequence motifs in the intergenic region, but a characteristic Shine-Dalgarno motif (AGGAG) was found 6 nucleotides upstream of the annotated start codon of ahpF. These data indicated that ahpC and ahpF might form a bicistronic operon. Indeed, by Northern hybridization, both ORFs were localized to a similarly migrating mRNA (ϳ2.6 kb) (Fig. 3C) . The size estimate is in good agreement with the theoretical size (ϳ2.2 kb) of an ahpCF bicistronic mRNA (20) .
In an independent expression analysis, a promoterless gfp was genomically integrated as a single copy under the promoter of the ahpCF operon in wt and ⌬rgg bacteria, and the cell-associated GFP was quantified at e-stat. As shown in Fig.  3D , the promoter of ahpCF operon was more active in the ⌬rgg background. The data are in good agreement with the Northern hybridization data ( Fig. 3A and C) and indicate that the lack of Rgg increases the transcription of the ahpCF operon in GAS.
Up-regulated expression of AhpCF mediates the increased H 2 O 2 decomposition in ⌬rgg bacteria. The gene products of ahpC and ahpF share 89% and 75% sequence identity with AhpC (BAA25695) and AhpF (BAA25696) of Streptococcus mutans, respectively (32) . These proteins form a cysteinebased bicomponent H 2 O 2 -decomposing complex, as shown by in vitro studies with recombinant proteins (32) . Recently, a promising but still insignificant role was reported for AhpC in H 2 O 2 decomposition of GAS under mM levels of H 2 O 2 (4). We extended this in vivo study further to the physiological function of AhpCF in serotype M49 GAS, and especially its up-regulated state as an explanation for the increased H 2 O 2 decomposition in stat Rgg-deficient GAS (Fig. 2) .
To disrupt the expression of the full ahpCF operon in GAS, a suicide plasmid was targeted to ahpC in the wt and ⌬rgg strains. The mRNA for ahpC, and also ahpF, was absent in the resulting strains (referred to hereafter as ⌬ahpCF and ⌬rgg⌬ahpCF) (Northern data not shown), which verified the simultaneous inactivation of ahpF by a polar effect. The involvement of AhpCF in H 2 O 2 decomposition by GAS was studied kinetically in stat bacteria (Fig. 4 ) that were suspended in PBS. Strikingly, initial control experiments led to the finding that ⌬ahpCF and ⌬rgg ⌬ahpCF bacteria secreted H 2 O 2 , although the secretion of H 2 O 2 by parental wt and ⌬rgg strains was negligible (Fig. 4A) . The increased H 2 O 2 secretion by the ⌬ahpCF and ⌬rgg⌬ahpCF strains correlated with a decreased capacity to decompose exogenously administrated H 2 O 2 (Fig.  4B ). This indicates that the bacteria had lost their endogenous capacity to decompose H 2 O 2 . Importantly, the low basal levels of H 2 O 2 decomposition in the ⌬ahpCF and ⌬rgg⌬ahpCF strains were identical, although the ⌬rgg strain decomposed H 2 O 2 faster than the wt (Fig. 4B ). It appears, therefore, that the increased capacity of stat ⌬rgg bacteria to decompose H 2 O 2 was mediated by the up-regulated expression of AhpCF. More importantly, AhpCF appears to provide an important means for catalase-negative GAS to decompose H 2 O 2 .
AhpCF is an organic hydroperoxide resistance factor. It is known that, in addition to H 2 O 2 , AhpCF of S. mutans decomposes organic hydroperoxides, as shown by in vitro studies with recombinant proteins (32) . The sensitivity of GAS to organic hydroperoxide stress was assayed by measuring the ODs of O/N cultures grown in the absence or presence of t-BHP. Although the Rgg-deficient GAS grew to slightly higher ODs, there were no statistically significant differences in the densities of O/N cultures of wt and Rgg-deficient GAS in the presence of 7 mM t-BHP or any of the other tested concentrations (data not shown). However, when the ahpCF operon was inactivated, significant density decreases were detected in both wt and ⌬rgg backgrounds (Fig. 5) . Importantly, these decreases were of the same magnitude in both backgrounds. The data provide evidence in the M49 serotype background that AhpCF is an organic hydroperoxide resistance factor in GAS. (Fig. 5 and data not shown) . Moreover, no significant changes due to the AhpCF deficiency were identified in the enhanced capacity of ⌬rgg bacteria to establish a replicative state in the presence of 750 M H 2 O 2 or to survive under 4 mM H 2 O 2 stress in PBS (data not shown). It therefore appears that the increased H 2 O 2 resistance of ⌬rgg bacteria under mM level, as well as M level, H 2 O 2 stress was unrelated to the up-regulation of AhpCF-mediated H 2 O 2 decomposition. Given the fact that a clear phenotype for the AhpCF deficiency was observed under organic-peroxide stress (Fig. 5) , an efficient AhpCF-independent H 2 O 2 resistance factor(s) appears to be up-regulated in the Rgg-deficient GAS.
To study the role of AhpCF in the H 2 O 2 resistance of wt GAS, the ODs of O/N cultures grown in the absence or presence of H 2 O 2 were measured. Strikingly, AhpCF deficiency increased the densities of O/N cultures under 2.75 mM H 2 O 2 (Fig. 5) . Similar results were obtained when bacterial survival was determined under 4 mM H 2 O 2 stress in PBS (data not shown). In this setting, the H 2 O 2 resistance of stat ⌬ahpCF bacteria was comparable even to that of stat ⌬rgg bacteria. It is noteworthy here that the absence of AhpCF-mediated H 2 O 2 decomposition did not increase the H 2 O 2 resistance of Rgg-deficient GAS in any of the studied settings (Fig. 5 and data not shown) . Moreover, AhpCF deficiency in B. subtilis is known to increase H 2 O 2 resistance, similar to the AhpCF deficiency in the wt GAS background (Fig. 5) , due to induction of oxidative-stress resistance pathways during prestress bacterial manipulations (7) . The data point to a possibility that Rgg-mediated repression of H 2 O 2 resistance in GAS could be derepressed by cytosolic H 2 O 2 or by some other sources of cellular stress, which in turn are under the control of AhpCF (see "Discussion" and data below) (Fig. 6) .
Rgg and PerR are divergently involved in repression of H 2 O 2 resistance. M1 and M6 GAS strains lacking a homolog of the B. subtilis peroxide resistance repressor PerR tolerate H 2 O 2 better than the parental strains (26, 36) . A similar phenotype was found in the current study for Rgg deficiency in the M49 strain (Fig. 1) . Moreover, it has been shown that PerRmediated repression of H 2 O 2 resistance can be derepressed in M1 and M6 serotype strains of GAS by vigorous aeration of the cultures or by exposure of the bacteria to a sublethal concentration of H 2 O 2 prior to lethal H 2 O 2 stress (26, 36) . To study the possible role of Rgg in (oxidative) stress-induced adaptation to H 2 O 2 stress, wt and ⌬rgg M49 serotype strains that also lacked PerR were constructed. It is noteworthy that the mRNA levels of perR and one of its regulatory target dpr genes were unaffected by the lack of Rgg in e-stat (Fig. 3) , which was also evidenced for Dpr by Western blotting in exp, e-stat, and stat (Fig. 3) , nor did the lack of PerR affect the mRNA levels of rgg in e-stat (data not shown). This indicates that the Rgg and PerR regulons are not cross-regulated.
As reported previously for the M1 and M6 serotypes of GAS (26, 36) , inactivation of perR in M49 serotype GAS increased bacterial survival under mM level H 2 O 2 stress (Fig. 6A) . Compared to the H 2 O 2 resistance of ⌬rgg bacteria, PerR deficiency had a weaker effect. When both of the genes were inactivated, the double-mutant strain tolerated H 2 O 2 approximately 35-fold better than the wt, and also better than the strains with individual perR or rgg inactivations. Therefore, Rgg and PerR appear to independently repress H 2 O 2 resistance in GAS. The data were also supported in an independent experimental setting, where the ability of GAS strains to establish a replicative state in THY was measured in the presence of 750 M H 2 O 2 (Fig. 6B) .
Rgg is involved in repression of stress-inducible H 2 O 2 resistance. Growth of wt GAS under sublethal (sub-growth-inhibitory) doses of H 2 O 2 (250 M), ethanol (4%), and t-BHP (500 M) prior to high-level H 2 O 2 stress increased bacterial survival (5-, 65-, and 65-fold, respectively [ Fig. 6C]) . The H 2 O 2 resistance of ⌬rgg bacteria could not be increased by H 2 O 2 , but significant six-and fivefold inductions were achieved with t-BHP and ethanol, respectively. The Having established that Rgg is involved in adaptive H 2 O 2 resistance and that one of its regulatory targets, AhpCF, is important for GAS to decompose H 2 O 2 , as well as to protect GAS against organicperoxide stress, we analyzed the roles of these proteins in the virulence of GAS. The studies were also highlighted by the fact that several known virulence factors, like M protein, C5a peptidase, and streptolysins S and O, were known to be transcriptionally up-regulated in the Rgg-deficient GAS (12) . However, definite in vivo proof of the increased virulence of Rgg-deficient GAS was still lacking.
Mice were intraperitoneally infected with different GAS strains grown to exp. At a 7.3 ϫ 10 8 -CFU/mouse dose of wt GAS, 90% of the mice were alive at the end of the experiment on day 7 (Fig. 7A) . However, when a similar dose of Rggdeficient GAS (6.7 ϫ 10 8 CFU/mouse) was used, all of the mice were dead on day 5. When the same ⌬rgg suspension was diluted twofold, 70% of the mice were dead on day 7. By a fivefold dilution, the virulence of ⌬rgg bacteria could be lowered statistically to the same level (80% survival) as with undiluted wt suspension. The high virulence of ⌬rgg bacteria in comparison with the wt was also reflected in the weight indexes of the surviving mice, a parameter that measured the general condition of the infected animals (Fig. 7A) .
To study whether the up-regulation of AhpCF expression contributes to the increased virulence of Rgg-deficient GAS, mice were infected with doses of 1.5 ϫ 10 8 CFU/mouse of ⌬rgg bacteria and 1.6 ϫ 10 8 CFU/mouse of ⌬rgg ⌬ahpCF bacteria, and the course of infection was followed for a period of 2 weeks. Despite the slight differences in morbidity, there were no statistical differences in the survival of the animals between the groups (Fig. 7B) . This was also evidenced by the weight indexes of the surviving mice. It is therefore conclusive that, although the absence of Rgg converts GAS into a hypervirulent pathogen, this hypervirulence is not mediated by the upregulated AhpCF expression. However, the Rgg repressor target AhpCF may still be an important tissue-or serotypespecific virulence factor in GAS. It was recently reported that AhpC is needed for virulence of the serotype M6 GAS strain in a mouse subcutaneous-infection model (4).
DISCUSSION
PerR is a prototype of a transcriptional repressor that regulates the expression of peroxide defense genes in gram-positive bacteria. It was described in B. subtilis, where it modulates the expression of catalase, the alkyl hydroperoxide reductase AhpCF, and the Dps-like peroxide resistance protein Dpr/ MrgA (8) . Two independent studies (26, 36) of different serotype strains of GAS (M1 and M6) have shown that PerR deficiency increases H 2 O 2 resistance. PerR is also known to regulate Dpr/MrgA expression (4). In striking contrast to B. subtilis, the PerR deficiency does not appear to influence the expression of AhpCF in GAS (4). In the current study, the PerR-deficient M49 serotype strain of GAS was more resistant to H 2 O 2 , again reinforcing the importance of PerR in the oxidative-stress resistance of GAS. More importantly, the M49 serotype strain lacking the transcriptional regulator Rgg (10) was more resistant to H 2 O 2 than the parental strain and also decomposed H 2 O 2 more efficiently. Furthermore, Rgg deficiency increased the H 2 O 2 resistance of PerR-deficient GAS and did not alter the expression of the PerR-regulatory target Dpr/MrgA. The data indicate that GAS has a PerR-independent and Rgg-regulated peroxide resistance regulon.
In an attempt to identify genes of the novel peroxide resistance Rgg regulon, the current study utilized Northern analysis Bacteria from e-stat cultures were inoculated into fresh THY containing 750 M H 2 O 2 . The bacteria were incubated at 37°C as standing cultures, and the OD 600 s were measured at 1-hour intervals. The results from five independent cultures are expressed as mean growth yield percentages Ϯ SD (OD 600 s in the presence of H 2 O 2 divided by the averaged OD 600 s without H 2 O 2 ). Part of the data is also shown in Fig. 1B. (C) H 2 O 2 sensitivity of stress-adapted GAS in PBS. Bacteria were grown to exp and, after the addition of H 2 O 2 , t-BHP, or ethanol (pretreatment) at a sublethal concentration, the bacteria were grown to e-stat. The bacteria were harvested and, after being washed, were exposed in PBS to 4 mM H 2 O 2 for 2 h at 37°C. The numbers of viable bacteria were determined by plating dilution series onto THY agar. The values are mean survival percentages Ϯ SD of six independent determinations from two independent cultures (CFU in the presence of H 2 O 2 divided by the averaged CFU in the absence of H 2 O 2 ). Significant increase in H 2 O 2 resistance, due to the stress adaptation, is indicated by asterisks (Student's t test; *** , P Ͻ 0.005).
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of GAS ORFs having similarity with known bacterial oxidativestress resistance genes. By focusing on bacteria grown to e-stat, a significant up-regulation of a bicistronic ahpCF operon was identified in the Rgg-deficient GAS, as also evidenced by genome-integrated GFP reporters. The gene products of ahpC and ahpF share 89% and 75% amino acid sequence identity with AhpC and AhpF of S. mutans, respectively (32) . In vitro, these proteins form a cysteine-based bicomponent H 2 O 2 -decomposing complex, alkyl hydroperoxide reductase (32), which was originally identified in Salmonella enterica serovar Typhimurium (24) . AhpC is a peroxide-reducing component and, in addition to organic peroxides, is capable of decomposing H 2 O 2 (17, 31) . In support of these in vitro studies and one earlier in vivo study in a serotype M6 GAS background (4), AhpCFdeficient GAS decomposed H 2 O 2 less efficiently than the parental strain. More importantly, the same basal level of H 2 O 2 decomposition was detected in the Rgg-deficient background when the ahpCF operon was inactivated. It therefore appears that the increased H 2 O 2 decomposition in the Rgg-deficient GAS was exclusively mediated by the up-regulated expression of the ahpCF operon. Finally, it was found that ahpCF deficiency, whether in the wt or the Rgg-deficient background, converted GAS more sensitive to organic hydroperoxide (t-BHP) stress. It is therefore conclusive that the ahpCF operon belongs to the novel peroxide resistance Rgg regulon and that the corresponding gene products provide means for catalasenegative GAS to decompose H 2 O 2 , as well as to survive under organic-peroxide stress. PerR of B. subtilis senses H 2 O 2 by Fe(II)-catalyzed histidine oxidation (28) . This irreversible protein modification weakens the PerR-promoter interaction, and the expression of the PerR regulon is activated (28) . The alkyl hydroperoxide reductase AhpCF, in addition to catalase, fine tunes this response by controlling the cytosolic H 2 O 2 concentration (7). It was therefore of interest to see that the ahpCF-deficient GAS survived under H 2 O 2 stress better than the parental strain. More importantly, this effect was not detected in the Rgg-deficient background. It was reasoned that this is a direct reflection of a regulatory scheme in which the Rgg-mediated repression of H 2 O 2 resistance can be derepressed by H 2 O 2 . Indeed, when the wt and Rgg-deficient GAS were grown in the presence of a sublethal concentration of H 2 O 2 , the H 2 O 2 resistance of the Rgg-deficient GAS did not change but the resistance of the wt GAS increased significantly. More importantly, the same level of increase was detected in the PerR-deficient GAS, but again, not in the PerR and Rgg double-deficient background. The (36) . This indicates that oxygen may act as one adaptation stimulus. It has also been reported that ethanol (an activator of the general stress response pathway) (40) induces higher levels of H 2 O 2 resistance than H 2 O 2 in a serotype M6 background (26) . The current study identified t-BHP (a mimic of cellular organic peroxides) and also ethanol as extremely potent inducers of H 2 O 2 resistance. Interestingly, the data indicate that Rgg and PerR coordinately regulate all the H 2 O 2 resistance factors in serotype M49 GAS that are inducible by t-BHP or ethanol. The data are remarkable, given that ethanol was reported to induce an additional level of H 2 O 2 resistance in a PerR-deficient M6 serotype strain (26) . The authors suggested that an additional regulatory component independent of PerR is responsible for this phenotype (26) . The current data indicate that Rgg might have been the missing regulatory component.
The current study was unable to identify the Rgg-repressive target(s) that mediates H 2 O 2 resistance in GAS. Therefore, the identification of all the genes of the novel peroxide resistance Rgg regulon remains an important aspect of further studies. Some conclusions can already be drawn based on the available genome-wide expression profiles of wt and Rgg-deficient GAS (9, 16) . HtrA (SPy2216/DegP) up-regulation, in addition to AhpC, has been witnessed at the protein level in Rgg-deficient GAS (9) . This serine protease is involved in the surveillance of protein misfolding, and isogenic DegP-deficient GAS is more sensitive to thermal and oxidative stress, as well as less virulent, in a mouse infection model (25) . Another candidate is ClpL (SPy0888), which has been shown to be up-regulated (at the protein level) in the Rgg-deficient GAS (9) . Although there are no data available on the function of this protein in GAS, its chaperone activity and protective function under heat stress are well described in Streptococcus pneumoniae (27) . Transcriptional up-regulation of a putative heat shock protein, HSP33 (SPy123) (16) , in a Rgg-deficient background also merits further investigation.
From a regulatory perspective, it is interesting that H 2 O 2 -mediated induction of the Rgg-regulatory target ahpCF operon was not detected by using the genome-integrated GFP reporters (data not shown). Indeed, growth in the presence of a sublethal concentration of H 2 O 2 did not increase the H 2 O 2 resistance of wt GAS to the level of Rgg-deficient GAS. Therefore, the novel peroxide resistance Rgg regulon appears to contain genes that have different sensitivities to the H 2 O 2 stimulus. The exact sensory mechanisms of Rgg for H 2 O 2 , t-BHP, and ethanol are completely unknown at the moment, and other regulatory components might be involved. However, as a cytosolic 35-kDa protein, Rgg contains an unexpectedly high number (a total of 10) of cysteine residues, some of which could serve as redox switches in H 2 O 2 and/or t-BHP sensing (33) . Finally, the finding that the H 2 O 2 -hyperresistant Rggdeficient GAS is more virulent in a murine intraperitonealinfection model creates a promising possibility to study the still elusive correlation between the peroxide resistance and virulence mechanisms of GAS.
